Introduction
The mobility of magmas and hydrothermal fluids in the upper crust plays a key role in geological processes such as volcanic eruptions, ore deposition, and activation of geothermal systems. The required country rock permeability is commonly enhanced by tectonic activity, focusing magmas and fluids in structural paths and traps. However, the active contribution to tectonics by magma emplacement at a local scale is still to be assessed in full. This is due, in part, to the general lack of evidence for the pathways followed by magmas and fluids once emplacement processes are over, so that geometries and textures of igneous and hydrothermal bodies represent the only witness to those pathways.
The late Miocene-Quaternary extensional setting of southern Tuscany offers the possibility to investigate at different crustal levels the interplay between processes that led to the generations of the Tuscan Magmatic Province (Serri et al. 1993) , active high-enthalpy geothermal fields (Larderello-Travale and Monte Amiata: Batini et al. 2003) , and fossil hydrothermal systems (Dini et al. 2008a; Mazzarini et al. 2011) , as well as different types of ore deposits (Feoxides, pyrite, base metals, and Sb-Hg ores; Tanelli 1983) . In detail, the study area of Campiglia Marittima (hereafter Campiglia) was affected by igneous activity during the latest Miocene-early Pliocene, linked with generation of metasomatic rocks and ore bodies exploited since Etruscan times (Barberi et al. 1967; Da Mommio et al. 2010) . Here, detailed mapping and analysis of a cumulative 20 km of mining tunnels, associated with deep boreholes data and geophysical interpretative maps, allowed us to reconstruct the tridimensional geometries, textures and relative chronology of the magmatic units, their host sedimentary succession, the thermal metamorphic aureole and ore bodies. The evolution of the magmatic-hydrothermal system thus reconstructed (Vezzoni et al. 2016 ) is evidence for migration of fluids and emplacement of ores driven by the lateral extrusion of the thermally weakened carbonate overburden of a pluton.
Geological outline Tuscany and the Northern Apennines
The geological setting of Tuscany results from the relative motions of the Adria (Africa) and Sardinia-Corsica (Europe) plates, whose convergence started in the Late Cretaceous leading to Oligocene-Miocene continental collision with formation of the Apennine mobile belt (Molli 2008; Platt 2007) . The stacked tectonic units are, from bottom to top: (1) the Tuscan units, formed onto the Tuscan continental margin, and including both metamorphic (Tuscan Metamorphic Complex) and non-metamorphic successions (Tuscan Nappe); (2) the Sub-Ligurian units, deposited onto the transition zone between the oceanic and continental crust, and consisting of Cretaceous-Oligocene arenaceous and calcareous turbidite, and (3) the Ligurian units, composed of a Jurassic oceanic lithosphere overlain by a Cretaceous-Oligocene sedimentary cover (Molli 2008 and references therein) .
In the Campiglia area, the studied pluton-host rocks belong to the Tuscan Nappe. Its sequence here lacks of the basal late Triassic evaporites (Burano Fm.), and consists of late Rhaetian grey platform carbonates (Calcari a Rhaetavicula contorta Fm.), early Jurassic massive white reef limestone (Calcare Massiccio Fm.) and red nodular, ammonite-bearing limestone (Calcare Rosso Ammonitico Fm.). The carbonate rocks are overlain by an early Jurassic to early Cretaceous carbonatic-siliciclastic succession (Calcare Selcifero, Marne a Posidonomya, Diaspri, and Maiolica formations) related to the deepening of the continental platform. The uppermost part of the Tuscan Nappe is composed of Cretaceous to late Oligocene/early Miocene foredeep detrital clayey-turbiditic succession (Scaglia Toscana and Macigno formations).
After the early Miocene collision, the rollback of the Adria slab, coupled with the eastward retreat of the subduction zone, drove the eastward migration of the compressional front, generating extensional structures in the inner Northern Apennines with strongly thinned continental crust in southern Tuscany (20-25 km; Piana Agostinetti and Amato 2009). This crustal extension went through two main phases: (1) an early to late Miocene stage with extension exceeding 120% on low-angle faults, and leading in southern Tuscany to omission of parts of the Tuscan Nappe stratigraphic sequence ("Serie Ridotta"; Carmignani et al. 2001; Trevisan 1950) ; (2) a late Miocene to present stage, characterized by high-angle NNW-SSE and N-S normal faulting, producing horst-and-graben structures, with a total extension less than 10% (e.g., Carmignani et al. 1994; Decandia et al. 2001; Giannini 1955; Rossetti et al. 2000; Brogi and Liotta 2008; Brogi et al. 2014; Brogi 2016) . These extensional structures are segmented by SW-NE striking tectonic lineaments (e.g., Livorno-Sillaro Line).
The extensional phase is characterized by magma production from crustal and mantle sources, leading to volcanic activity and emplacement of intrusive bodies into the metamorphic Paleozoic-Triassic rocks and the overlying tectonic units (Innocenti et al. 1992; Serri et al. 2001) . These intrusions generated HT-LP metamorphism in their host rocks (e.g., Campiglia- Barberi et al. 1967; Leoni and Tamponi 1991; Castel di Pietra-Franceschini et al. 2000; Elba Island-Duranti et al. 1992; Rossetti et al. 1999 Rossetti et al. , 2007 Rossetti et al. , 2008 Larderello; Giglio Island) . The igneous centres are distributed along SW-NE lineaments, on which magmatic ages decrease eastward. These structures have been interpreted as transfer zones triggering extraction, rising and emplacement of magmas (Dini et al. 2008b; Liotta et al. 2015; Fig. 1b) .
The Campiglia Marittima igneous-hydrothermal complex
The area of Campiglia is characterized by a N-S trending horst, mainly made of carbonate units of the Tuscan Nappe, bounded by high-angle normal and strike-slip faults Rossetti et al. 2000; Fig. 1c) . During the late Miocene-Pliocene, the Campiglia area has been repeatedly affected by magmatic and hydrothermal events (Barberi et al. 1967) .
The igneous sequence started with the emplacement of the Botro ai Marmi monzogranite pluton at ca. 5.7 Ma (Borsi et al. 1967; Rossetti et al. 2000) . Its primary paragenesis consists of quartz, K-feldspar, plagioclase and biotite, along with accessory cordierite, tourmaline, apatite, and zircon. The monzogranite is affected by intense hydrothermal potassic alteration with replacement of plagioclase by K-feldspar (Lattanzi et al. 2001) . The granite and its contact with the host rock are well exposed in an open-pit mine for raw ceramic materials over as little as ca. 0.5 km 2 near the western border of the Campiglia horst. Nevertheless, drilling logs (Grassi et al. 1990; Samim 1983a, b; Stella 1938 Stella , 1955 and geophysical data (Aquater 1994) are evidence for a larger, N-S elongated pluton. The magma intruded below the Rhaetian carbonate at a depth corresponding to ca. 0.10-0.15 GPa, and producing an N-S elongated thermal aureole in the carbonate rocks of the Tuscan Nappe, with temperatures as high as 500-550 °C at the contact with the pluton (Leoni and Tamponi 1991) . A small, irregular exoskarn body is found between the granite and the carbonate host rock (Barberi et al. 1967) . Several, more voluminous skarn bodies are found ~ 0.5-1 km above the buried eastern limb of the pluton, hosted by a white marble derived from contact metamorphism of pure, homogeneous, massive early Jurassic reef limestone. The skarn consists essentially of hedenbergite and ilvaite, associated with Cu-Pb-Zn(-Ag) sulphide ores exploited mainly in the Temperino and Lanzi mines from Etruscan times to 1979 (Capitani and Mellini 2000; Corsini et al. 1980; Vezzoni et al. 2016) .
The skarn is crosscut by three small intrusive units, all affected by potassic alteration. First, the mafic Temperino porphyry magma intruded the Temperino skarn bodies as small dykes or by filling skarn pockets. Second, the felsic Coquand porphyry dykes crosscut both the skarn and the mafic Temperino porphyry. Third, the felsic Ortaccio porphyry dyke crosscut both the skarn and all the other magmatic units (Vezzoni et al. 2016) . The age of the latter intrusive event is constrained by a whole-rock K-Ar date of 4.30 ± 0.13 Ma (Borsi et al. 1967) , interpreted as the age of the potassic alteration (Barberi et al. 1967) . The final igneous event in the area was the extrusion of the peraluminous San Vincenzo rhyolitic magmas (Ferrara et al. 1989; Ridolfi et al. 2015) at 4.38 ± 0.04 Ma (sanidine 40 Ar-39 Ar age; Feldstein et al. 1994) .
Results: deformation styles and geometries around the pluton

Roof morphology of the Botro ai Marmi pluton
In the Campiglia area, the geometric characteristics of the rock bodies and their deformation styles are clearly spatially related to the location and shape of the Botro ai Marmi pluton and its thermal metamorphic aureole. Intensity of deformation decreases with distance from the pluton, and deformation type changes accordingly, with records of both ductile and brittle styles. Therefore, reconstruction of the 3D morphology of the pluton-host rock surface is crucial to the understanding of local strain evolution during the development of the Campiglia magmatic-hydrothermal system. The size and shape of the Botro ai Marmi pluton ( Fig. 2 ) has been reconstructed on the basis of geological surveys (this work; Cerrina Feroni 2007b; Giannini 1955) , exploratory boreholes (Grassi et al. 1990; Samim 1983a, b; Stella 1938 Stella , 1955 , and reflection seismics, as well as gravimetric interpretive maps and sections (Aquater 1994) . The pluton's roof is elongated N-S, with length/width ratio between 3 and 6, and an E-W strongly asymmetric profile, with the western side dipping > 70°, opposed to a mean slope of 25-30° on the eastern and southern flanks. The outcropping portion of the pluton is at the top of a bulge, exposed mostly thanks to (1) field, boreholes, and geophysical interpretive maps and sections in the area around the pluton outcrop, (2) geophysical interpretive maps and sections in the northern area, and (3) borehole data in the southern area. Also reported are the spatial relationships with the outcropping skarn bodies and porphyritic dykes. Rose diagrams show the directions of the felsic Coquand (a) and Ortaccio (b) dykes: the dykes were split into 1122 segments, of 10 m length, whose strikes are reported in the length proportional to frequency rose diagrams (for method details see Dini et al. 2008b) . Lines A-A′ and B-B′ indicate the geological cross sections oriented transversally and longitudinally with respect to the elongation of the Botro ai Marmi monzogranite pluton. Schematic stratigraphic sequence simplified after Brogi and Cerboneschi (2007) . Note the asymmetric pluton roof morphology and the strong thickness variation of the host rocks that progressively thicken away from the Botro ai Marmi outcrop. Furthermore, the thickness of the contact aureole shows strong variation from southern to eastern side mining activity for raw ceramic materials. As a whole, the minimum area covered by the pluton can be estimated at about 18 km 2 , with a minimum N-S length of 9 km (Fig. 2) .
Ductile deformation
The early Jurassic carbonate host rocks of the Botro ai Marmi pluton were metamorphosed, and the thermal aureole crops out for about 7 km in N-S direction and 2.5 km in the E-W direction (Fig. 3) . The aureole thickness varies from ca. 300 m in the south (Monte Valerio; Stella 1938) to at least 900 m in the eastern Temperino mining area, as attested by field, borehole and geophysical data (Fig. 2) . Also the thicknesses of carbonate units of the Tuscan Nappe vary significantly. The Rhaetian grey carbonate unit in direct contact with the pluton thickens outward from the pluton outcrop, from about 200 m in the east to 450 m in the south. The overlying reef limestone shows an impressive difference in thickness from about 150 m on top of Fig. 3 a Foliation/bedding attitude in the carbonate succession and related ductile deformation structures in the Campiglia horst (foliation and bedding attitude data from this work; Cerrina Feroni 2007a, b; Giannini 1955; Rossetti et al. 2000) . The surface extension of the metamorphic thermal aureole is highlighted with a green dashed area (modified after Aquater 1994). b Stereographic projection of the foliation/bedding planes measured on the limbs of the main antiform, compared to the great circles representing the attitudes of the two sides of the pluton roof below the same areas (Wulff net, lower hemisphere). Green and red poles represent the attitude of the foliation/bedding planes in the western and the eastern sides, respectively. The green and red great circles represent the average of the pluton roof attitude in the western and the eastern sides, respectively. c Stereographic projection of the bedding planes measured on the limbs of minor distal antiforms in the eastern part of the Campiglia horst (Wulff net, lower hemisphere). Yellow great circle represents the average of the pluton roof attitude below the same area. d Ductile deformational structures and kinematic indicators with centrifugal sense of movement with respect to the main pluton's bulge indicate by the white arrows (white capital letters in black circles refer to the location of pictures as in Fig. 3a) the pluton bulge to 500 m in the south, and to > 1000 m in the eastern side (Fig. 2) .
The metamorphosed carbonate units, even those that were originally massive, are pervasively foliated. The foliation defines a broad antiform with a NE-SW to N-S subvertical axial plane, coexisting with minor antiforms and synforms (Fig. 3) . Overall, the foliations are roughly parallel to the pluton roof, although the dip of the foliation planes decreases with distance from the underlying pluton roof. The carbonate units progressively thickens from the top of the pluton toward the flanks (Fig. 2) .
The antiformal structure is accompanied by small-scale folds, whose geometries vary with distance from the pluton. The first metres from the pluton contact are characterized by decametric folds with non-cylindrical geometry, small interlimb angle (tight to isoclinal), as well as by disharmonic folds with variably oriented axes and sheath folds (Fig. 4) , with sense of transport difficult to determine. At the top of pluton's bulge, also asymmetric folds and boudins are not coherently oriented, making it difficult again to determine any sense of transport. On the other hand, moving laterally outward from the top of the pluton, asymmetric folds and boudins indicate an outward sense of movement (Fig. 3) . The axial planes of these folds are generally gently dipping and sub-parallel to the contact with the pluton. The limbs of the main folds are characterized by minor cm-sized isoclinal folds. These features are highlighted by the different shades of grey of the layers implicated in the ductile deformation.
Further away from the pluton, in the eastern side of the contact aureole, the overlying carbonate formations of the Tuscan Nappe show a different style of east-verging folding, characterized by asymmetric shape and variable inter-limb angle, defined by the foliation developed in the metamorphosed reef limestone. Furthermore, close to the contact with the overlying red nodular limestone, metric-sized lenses of red limestone, oblate parallel to the white marble foliation, are encased into the older early Jurassic reef limestone (Temperino and Lanzi mines; Fig. 2 ). Similar fold structures are described in the eastern side of the pluton aureole (Cerrina Feroni 2007a, b) . In the eastern side of the Campiglia horst, the foliation/bedding structure is characterized by minor synforms and antiforms with N-S sub-vertical axial planes, with overall distribution irrespective of the pluton roof attitude (Figs. 2, 3 ).
Brittle deformation, skarn bodies and magma intrusions
Brittle deformation overprints ductile deformational features. The brittle structures are less prominent than the ductile ones, and are found as minor features in metasomatic rocks at the pluton contact, in large distal isolated ilvaite-hedenbergite skarn bodies, in mafic and felsic dykes, and in rocks distal from the pluton.
Endo-and exoskarn occur near the contact between Botro ai Marmi monzogranite and the metamorphosed Rhaetian carbonate rock. Endoskarn veins, mostly made of diopside and scapolite, cut the monzogranite and are connected with the exoskarn, made of diopside, garnet, phlogopite, scapolite, vesuvianite, and wollastonite. The exoskarn occurs as a massive metric-sized volume at the contact with the pluton or as a selective replacement of folded beds of the Rhaetian carbonate, thus mimicking the geometries of the isoclinal folds (Figs. 4, 5a-d) . The Campiglia skarn bodies are distal skarn, made of ilvaite and hedenbergite, and they are found along a N-S belt paralleling the unexposed eastern, E-dipping pluton roof at a distance of 500-1000 m. The Temperino skarn bodies have a sub-vertical, sigmoid-tabular shape, akin to megatension gashes, with maximum thickness in their central part (> 40 m; Earle body). The skarn-marble contact is elongated in SE-NW direction and steeply dipping to the NE, crosscutting the marble foliation. These bodies taper out at the upper and lower terminations toward SW and NE, respectively ( Fig. 6 ; Vezzoni et al. 2016 ).
Three intrusive events followed the formation of the skarn. First, the mafic Temperino porphyry magma intruded the sigmoid-shaped skarn bodies. Second, the felsic Coquand porphyry dykes intruded in the middle of sub-vertical skarn bodies, following both their NW-SE Fig. 5 Brittle structures in the Campiglia area. a Metric-sized exoskarn mass between Botro ai Marmi pluton and marble host rock; note a folded carbonate layer completely replaced by skarn. b Exoskarn snake-shaped body selectively replacing non-cylindrical folds in Rhaetian platform carbonate unit close to the contact with Botro ai Marmi pluton (detail of Fig. 4) . c Exoskarn cutting the marble foliation. d Endoskarn veins in Botro ai Marmi pluton. e Small-size tension gash in marble (Lanzi mine). The photo shows an apparently right-lateral displacement, yet the displacement is actually left-lateral owing to the shooting of the photo from below in a mining tunnel. f Normal fault located at the eastern border of Campiglia horst displacing white Hettangian reef limestone and red nodular Early Jurassic pelagic limestone trend (Fig. 3) and their attitude at depth (sigmoid-tabular shape in vertical sections; Fig. 6 ). Third, the felsic Ortaccio porphyry dyke is characterized over its 8-km length, by several steps and bridges, that are systematically arranged in a NNW-SSE left-lateral en-echelon pattern in the southern half of the dyke, while in the northern half they are arranged in a N-S right-lateral en-echelon pattern (Figs. 2, 3 ).
The Campiglia lateral mass extrusion
The Campiglia area represents an ideal case study for understanding the deformative-metamorphic-hydrothermal processes induced by pluton emplacement at shallow crustal levels, thanks to (1) the lack of any pre-intrusion regional metamorphic imprint, so that the reconstruction of syn-to post-intrusion metamorphic-deformational effects on the host rock is straightforward, (2) the large extent of the contact metamorphic aureole, that is also mappable in underground works, providing a threedimensional structural-mineralogical record, (3) the short time span (< 1.4 Ma) available for the whole sequence of pluton emplacement, thermal metamorphism, host rock deformation, hydrothermal circulation, and emplacement of porphyritic dykes and rhyolites (Vezzoni et al. 2016 ).
Kinematics and evolution of ductile deformations
Ductile deformations are spatially linked with the Botro ai Marmi pluton (Fig. 2) . In fact, at the very top of the pluton, recrystallization of carbonate rocks is accompanied by development of transposition foliation, isoclinal folding and widespread boudinage, owing to a nearly coaxial, vertical shortening linked to pluton vertical inflation. Similar ductile asymmetric folds and boudins are observed on the western and eastern flanks of the contact aureole, with top-to-thewest and top-to-the-east sense of shear, respectively (Fig. 2) . These geometries are consistent with a centrifugal-mostly eastward-increasing extent of non-coaxial deformation.
The role of non-coaxial deformation is emphasized by the relationships and geometries of the contacts between the different formations of the Tuscan Nappe involved in the thermometamorphic aureole (from bottom to top: grey platform carbonate, white reef limestone, red nodular limestone): (1) slices of white reef limestone are found encased into the older grey platform carbonate formation adjoining the pluton contact (Fig. 2) , and (2) slices of red nodular limestone are found encased into the older white reef limestone. In the eastern part of the contact aureole, sigmoidal red limestone slices/lenses (Cerrina Feroni 2007a; Figs. 2, 3) invariably indicate a top-to-the-east sense of movement. The progressive change in fold geometry, from tight to open, recorded at increasing distance from the pluton, testifies to Fig. 6 a 3D reconstruction of a sigmoid-tabular skarn body (Temperino mine) based on geological surveys and drill logs, and SW-NE oriented cross-section of the skarn body, showing also the S-shaped felsic Coquand dyke morphology. b Stereographic projection of the skarn-marble contact surfaces representing the attitudes of the contact at different mining levels (Wulff net, lower hemisphere), showing evidence for the sigmoidal shape of the skarn-marble contact the eastward decreasing intensity of deformation, thus pointing out a main role of the pluton emplacement in ruling ductile deformation.
The eastward concomitant thickening of both the carbonate units and the metamorphic aureole could be explained by original variabilities of stratigraphic thicknesses (e.g., Bernoulli 2001 ) and/or tectonic boudinage of the Tuscan nappe as typically occurring in southern Tuscany (Brogi and Cerboneschi 2007; Carmignani et al. 2001) . However, such explanations do not account for the asymmetric shape and displacement of the thermal aureole, with maximum thickness occurring distally with respect to the pluton, a condition more consistent with the lateral eastward mass transport and accumulation of thermally weakened marble triggered by the pluton emplacement dynamics.
Kinematics and evolution of brittle deformations
Overprinting of ductile structures by brittle deformation characterized by the same overall geometries is a common occurrence in the Botro ai Marmi thermal metamorphic aureole. During the waning stage of the thermal anomaly, the pluton-host rock experienced a transition from a ductile back to a brittle rheological regime. Exoskarn bodies and endoskarn veins developed at the pluton-host contact in the brittle regime. In fact, exoskarn bodies cut the marble foliation and replaced the ductilely folded carbonate host rocks (Fig. 5a-c) . Also, the endoskarn veins that fed the exoskarn are observed to follow brittle fractures in the Botro ai Marmi pluton (Fig. 5d) . Slightly distal from the pluton, deformation in the brittle regime led to fracturing of sigmoidal marble volumes, akin to mega-tension gashes, drawing up hydrothermal fluids and thus generating the sigmoidal Temperino skarn bodies ( Fig. 6 ; Vezzoni et al. 2016) . The shape of these skarn bodies indicates a top-to-NE sense of shear.
After skarn generation, magmas were emplaced in tight spatial/geometric relationships with skarn metasomatic rocks, suggesting similar ascent mechanisms for metasomatic fluids and magmas. In detail, mafic magma exploited the feeder structures of skarn and filled into the primary porosity of skarn (residual skarn pockets), while felsic magma intruded as segmented dykes through the sub-vertical sigmoidal skarn bodies ( Fig. 6 ; Vezzoni et al. 2016) .
Finally, the intrusion of the latest felsic dyke marked the end of the lateral eastward mass transport, turning back to a dominant role of the extensional regional tectonics. Indeed, the apparently contradictory structural pattern of the Ortaccio dyke (Fig. 2) , can be reconciled in a normal, east-dipping extensional system, where the dyke segment arrays are connected by relay ramps. Walsh et al. (2003) reported similar structures in segmented normal faults. In the external part of the igneous-hydrothermal system, this final extensional event is recorded by high-angle, large-throw, normal faults with NW-SE strike in the east and N-S strike in the west (see also Acocella et al. 2000; Rossetti et al. 2000; Giannini 1955) .
A unifying scenario
At Campiglia, the active regional extensional tectonic regime interplayed with the local magma-induced tectonics and fluid transfer. A unifying model for all these intertwined events is therefore proposed (Fig. 7) to shed light on a series of significant geological processes in a contact Fig. 7 Schematic model for the magmatic-hydrothermal system at Campiglia. a Emplacement of Botro ai Marmi pluton during the regional extensional phase produced a thermal anomaly changing the rheological characteristics of the carbonate host rocks. This event triggered lateral mass extrusion. Note the lateral thickness variation of the carbonate units, the asymmetric shape of the thermal aureole (upper boundary defined by the red dashed line), the isoclinal noncylindrical folds at the contact with the pluton and the asymmetric folds and lenses in the eastern side of the pluton aureole. b During the waning stage of the thermal anomaly, in sigmoid volumes affected by brittle fracturing, skarn bodies formed, followed by emplacement of mafic Temperino porphyry and felsic Coquand dykes. The shapes of these bodies recorded the local stress field (e.g., sigmoid-tabular shape) with a non-coaxial top-to-the-east sense of movement. c The felsic Ortaccio dyke and the high-angle normal faults constrain the end of the lateral mass movement, with return back to regional extension aureole around a pluton that could be difficult to be understand if tackled as single, isolated phenomena.
The first magmatic event was the emplacement of the Botro ai Marmi monzogranite pluton at ca. 5.7 Ma. This crustal melt emplaced below the Tuscan carbonate units that were thermally metamorphosed to marbles (T up to 500-550 °C and P ~ 0.10-0.15 GPa; Leoni and Tamponi 1991) . In these conditions, experimental studies have shown that marbles have a ductile behaviour (e.g., Fischer and Paterson 1989; De Bresser et al. 2005) , further enhanced by the presence of fluids (in this case even at temperature < 400 °C; Liu et al. 2002) . The rheological characteristics of Campiglia marbles, coupled with pluton volume growth, led to the development of disharmonic, non-cylindrical folds in the contact aureole. Comparable highly plastic, ductile, synintrusive deformation is recorded in other carbonate contact aureole (e.g., Adamello pluton, Italy: Delle Piane et al. 2008; Serifos Island, Greece:; Ducoux et al. 2016) . The inflation of the intrusion induced a nearly coaxial, vertical shortening of the host rock mainly localized at the very top of the pluton, and resulting in the lateral extrusion of the rheologically weakened marble units. The lateral mass extrusion occurred dominantly toward the east, the direction of easiest accommodation (Wilson 1952) due to both the asymmetric shape of the intrusion roof and the overall extensional regime with eastward-dipping, low-angle faults. Therefore, pluton emplacement ruled (1) the mass extrusion on the eastwarddipping slope of the pluton-marble contact, resulting in attenuation of the original thickness of the carbonate units above the pluton and their anomalous thickening toward the east, (2) the generation of disharmonic, east-verging folds in the marble at the pluton contact, (3) the tectonic mixing of marble slices within grey, white, and red carbonate units and their sigmoidal deformation, and (4) the development of foliation/bedding antiforms and synforms in the carbonate rocks (Fig. 7a) .
Deformation becomes less intense and less ductile with distance from the heat source, leading to the formation of asymmetric chevron folds with sub-horizontal, NW-SE hinge lines . This scenario has been well modelled in analogue studies (Merle and Vendeville 1995) , thus accounting for magma-induced local compressional structures in a regional extensional regime.
The eastward extrusion of carbonate material did arrest progressively from top to bottom as the thermal anomaly was decaying (Fig. 7b) , so that the overthickened extruded mass underwent non-coaxial top-to-the-east brittle shear. This process was acting at anomalous deformation rate and geometry, and has therefore to be considered as mostly related to the pluton emplacement, over the background ongoing regional extensional tectonics. The main effect of this non-coaxial deformation was the fracturing of sigmoid-shaped large volumes of the thermometamorphic marble. These porous volumes acted as a structural path/ trap that drew in hydrothermal fluids replacing the carbonate host to generate the sigmoidal Temperino skarn bodies (Vezzoni et al. 2016) . The absence of any clay gouge or cataclasite associated with the Campiglia lateral movement, and its end-of-Miocene timing rule out any relationships with the older regional Miocene low-angle normal fault system, which, additionally, is never observed to affect the massive reef limestone (e.g., Brogi and Cerboneschi 2007) .
Similar structures have been recently described also for the Serifos skarns with en-echelon arrangement during the activity of detachment faults (Ducoux et al. 2016) . Mafic magma intruded the main skarn bodies (Temperino mine), then a felsic melt intruded as porphyry dykes (Coquand porphyry) in the middle zone of the main skarn bodies (Vezzoni et al. 2016) , attesting to the persistence of a top-to-the-east displacement process.
Finally, with the end of lateral mass movement, the Ortaccio felsic dyke was emplaced parallel to the western horstbounding fault, with a geometry coherent with the normal, east-dipping extensional late fault system. The Ortaccio dyke emplacement allows us to constrain the time interval in which the lateral movement was active. In fact, the deformation regime reversed back to regionally controlled before the emplacement of the Ortaccio dyke, constraining the lateral displacement process between emplacement of the pluton (ca. 5.7 Ma) and the late Ortaccio dyke (> 4.3 Ma). To further constrain this time interval, a comparison can be made with the thermo-rheological evolution of the host rocks modelled for the nearby Monte Capanne pluton, Elba Island (Caggianelli et al. 2014) , suggesting that the ductile-brittle transition could have occurred in less than 500 ka after pluton intrusion. Lines of evidence in both cases indicate a short time interval to complete the whole process.
The eastward lateral movement of pluton overburden at Campiglia is paralleled by another prominent displacement that occurred in Tuscany above the 7 Ma Monte Capanne intrusion (Elba Island, Westerman et al. 2004 ). However, in Elba Island the crustal slice was displaced by about 8 km as a thick, coherent, brittle body, similar to the Serifos detachment system (Ducoux et al. 2016) or the larger Markagunt gravity slide occurred ~ 21-22 Ma in SW Utah above an igneous intrusion (Hacker et al. 2014) . In contrast, the pluton intrusion into carbonate formations in the Campiglia case generated a lateral mass extrusion in ductile regime, changing to brittle movements with increasing distance and time. Thus, the resulting displaced material in Elba Island preserved its tectono-stratigraphic and intrusive layout, whereas in Campiglia the original stratigraphic sequence of the carbonate units has been partly disrupted and their thicknesses reduced onto the pluton bulge and accumulated outward, to the east.
Implications
The proposed model can account for the compressional structures observed in the SW-NE trending belt at Campiglia, such as the isoclinal folds in the marble near the pluton contact, the foliation/bedding antiforms and synforms and the chevron folds in the easternmost reaches of the Campiglia horst. These structures that would be anomalous in the overall deformation frame of the uppermost Apennine tectonic units are well explained in our unifying model that starts with the emplacement of the Botro ai Marmi pluton during the Apennine postcollisional extensional phase. This scenario thus points out some of the multiple ways how local compressional structures can be linked to active magmatism in a regional extensional setting, and makes the case for reevaluation of similar local structures found in the vicinity of shallow igneous intrusions in Tuscany, and whose origin is still matter of debate (e.g., Brogi et al. 2005; Brogi 2016 ).
Finally, ore bodies and magmatic rocks did exploit similar tectonic paths and traps in southern Tuscany (e.g., Elba Island- Dini et al. 2008b; Liotta et al. 2015; GavorranoRossetti et al. 2001; Monte Amiata-Brogi et al. 2010 Roccastrada-Brogi and Fulignati 2012) . At Campiglia, a more specific investigation refines this scenario, pointing out that the formation of very large, tension gash-like fractures in marble volumes were able to enhance permeability in the shallow crust and draw-in hydrothermal fluids and magmas from deeper sources. The potential for such anomalous tectonic structures should be taken into account in ore and geothermal exploration.
Conclusions
The Campiglia area offers the possibility to investigate the active contribution of the shallow-level emplacement of a pluton on tectonic processes. Based on field evidence, a unifying model linking the extensional regional tectonics and the local magmatic, hydrothermal and deformational features observed at Campiglia is proposed. The emplacement of the Botro ai Marmi monzogranite pluton induced (1) transient, thermal-induced rheological weakening of the carbonate host rocks, (2) coaxial, vertical shortening at the top of the pluton, (3) lateral mass extrusion (mainly eastward) of the overburden, and (4) once the shallow crustal brittle conditions were progressively re-established, generation of fractured volumes of carbonate rocks acted as traps for hydrothermal, ore-generating fluids. This work contributes to the knowledge of the mechanisms by which magma emplacement can impact on regional tectonics and create structural traps for ore-forming fluids, with implications for natural resources exploration.
